Abstract-In most integrated optics platforms, including silicon-on-insulator, only minor modifications in refractive index are possible. The geometry of the waveguiding structure is thus the only degree of freedom for the design of devices. The use of sub-wavelength gratings (SWGs), i.e. structures that are small enough to suppress diffraction effects, enables local engineering of both refractive index and dispersion, thereby opening new possibilities for device design. Here we present some of the recent advances in refractive index and dispersion engineering using silicon SWGs, focussing on ultra-broadband and compact multimode interference couplers and directional couplers.
I. INTRODUCTION
A sub-wavelength grating (SWG) is, in its simplest form, a structure composed of alternating layers of two materials with a pitch substantially smaller than the wavelength of light propagating through it, so that diffraction effects are suppressed. The electromagnetic properties of such structures were first described more than half a century ago [1] , predicting that they should essentially act as homogeneous materials with a refractive index lying between the indices of the materials that compose the grating. Silicon SWG waveguides were experimentally shown to provide a means to locally synthesize a wide range of effective indices in [2] . This concept of refractive index engineering with SWGs has widespread applications, including demultiplexers [3] , waveguide crossings [4] and fiber-to-chip grating couplers [5] - [7] .
Here we show how SWGs can be exploited to enhance the performance of well known integrated optical devices. We first present an ultra-short, high performance MMI realized with an index engineered SWG slot. We then introduce the notion of dispersion engineering, and apply it to an SWG assisted directional coupler achieving a fivefold bandwidth improvement compared to a conventional coupler, and an MMI coupler that covers a bandwidth of over 450 nm. Figure 1 (a) shows a SEM image of an MMI coupler with a sub-wavelength slot. As a conventional MMI this device is based on the self imaging principle, i.e. light launched into one the input waveguides (bottom of figure) excites multiple higher order modes in the central multimode region. As these modes propagate they interfere forming images of the input field that couple to the output waveguides. When properly designed, the SWG slot affects the propagation constants of the even modes in the multimode region such that the imaging distance is halved [8] . The pitch of the SWG and the size of holes is optimized with a specific Floquet mode simulation tool [9] resulting in a pitch of Λ = 238 nm and 50 nm holes. The optimum length of the multimode region is ∼ 23 m, whereas a conventional MMI of the same width is 47 m long. As shown in Fig. 1(b) the measured extinction ratio of two devices in a back-to-back configuration is 15 dB, indicating good device performance. In fact, a conventional MMI exhibits a slightly inferior extinction ratio, thereby confirming that the size reduction afforded by the SWG has no negative impact on device performance. 
II. SHORTENING MMIS WITH INDEX ENGINEERING

III. DISPERSION ENGINEERING: DIRECTIONAL COUPLERS
AND MMI COUPLERS The behavior of an SWG is generally wavelength dependent, as its effective index ( eff ) increases sharply if the wavelength decreases sufficiently to approach the Bragg condition Bragg = 2Λ eff . Here we exploit this dependence to engineer the dispersion characteristics of optical devices, increasing their bandwidth.
Let us first consider the structure of the SWG assisted directional coupler shown in Fig. 2(a) . The operation of this device is governed by the beat length of the even and odd = /( even − odd ). In a conventional coupler increases with decreasing wavelength, because the propagation constant of the supermodes become increasingly similar. In the SWG assisted coupler this tendency is countered by the wavelength dependence of the SWG [10] , so that is kept constant. In fact, as shown in Fig. 2 (b) using SWG with a pitch of 238 nm the bandwidth of a conventional directional coupler that covers ∼ 20 nm is extended by a factor of five to ∼ 100 nm.
Increasing the operational bandwidth in an MMI coupler requires control over the dispersion of several higher modes. This is achieved with the structure shown in Fig. 3(a) . The SWG tapers at the device input and output control how many of the higher order modes are excited. Furthermore, they provide a smooth index transition from the silicon wire waveguides to the SWG multimode region [11] . Using our in-house software [9] , the pitch of the SWG in the multimode region is adjusted to minimize the wavelength dependence of the distance at which the images of the input field form [12] . From Fig. 3(b) it is seen that this results in an operational bandwidth of more than 450 nm, while a conventional MMI coupler only covers ∼ 100 nm.
IV. CONCLUSIONS
We have shown that using silicon SWGs, the performance of coupling devices can be significantly improved, both in terms of size and bandwidth. This opens new opportunities for the design of ultra-broadband circuitry in silicon, as well as interesting prospect for reducing size and increasing bandwidth in other devices.
